Abstract: In the present study, gelatin/calcium phosphate pastes with different degradation rates of gelatin were prepared and evaluated for the bone response after implantation into a subperiosteal pocket of rat calvaria. Four types of gelatin with different sizes and degrees of cross-linking were prepared: Sample A: smaller size and lower degree of cross-linking; Sample B: smaller size and higher degree of cross-linking; Sample C: larger size and lower degree of cross-linking; and Sample D: larger size and higher degree of cross-linking. A powder mixture of each gelatin with calcium phosphate was mixed with a liquid. Then, the mixed paste was placed into a polytetrafluoroethylene (PTFE) tube, which was implanted directly into a subperiosteal pocket of rat calvaria. At 8 weeks after implantation, each specimen was excised, and non-decalcified thin sections were prepared. After staining each section with toluidine blue, the bone response was observed histologically and histomorphometrically. New bone formation was observed from the calvaria surface, not from the periosteum for the four different gelatin/CaP paste samples. Significantly greater amounts of residual non-degraded gelatin was observed for Sample B/CaP and Sample D/CaP paste (p<0.05). It was revealed that Sample C/CaP paste with a lower degree of gelatin cross-linking produced greater amounts of new bone formation. The size of gelatin also influenced bone formation. Gelatin/CaP paste is advantageous because it can be applied to any shape of defect, and it is a promising material for bone regenerative treatment.
Introduction
Calcium phosphate (CaP) compounds such as apatite or tricalcium phosphate (TCP) are nowadays widely used as bone substitute materials or as coating materials for titanium implants because of their tight bone bonding and excellent bone adaptation.
Porous CaP, in particular, in interconnected porous materials is expected to provide better bone ingrowth into the pores because of the lack of a closed structure of the pores. Interconnected porous apatite and -TCP have been developed and used for new bone formation in the interconnected pores [1] [2] [3] [4] . However, CaP compounds have shortcomings in their mechanical properties because they are brittle and show insufficient strength. Thus, composites made of CaP and biodegradable polymers such as poly(lactic acid), collagen, or gelatin have been prepared to overcome these limitations and their biological properties were evaluated 5, 6) . Hayakawa et al. 7) reported that the crystallinity of apatite in an apatite/poly(lactide-co-glycolide) (PLGA) composite influenced bone response, and an apatite composite with a low level of crystallinity produced a significantly greater amount of new bone after implantation into cortical bone of rabbits.
Moreover, it was also reported that degradation of PLGA or gelatin in apatite/PLGA or gelatin composite influenced new bone formation 8, 9) . Furthermore, Furusawa et al. 10, 11) prepared poly(ethylene terephthalate) (PET) coated with a double layer of gelatin and CaP and evaluated bone adaptation. They found that a gelatinand CaP-coated PET sheet showed attachment and proliferation of MC3T3-E1 cells and promoted new bone formation in the extracted cavities of beagle dogs by covering with the PET sheet. They speculated that CaP layers act as a source of calcium ions.
From these results, it was predicted that a difference in the degradation of gelatin in gelatin/CaP composite may influence the release of CaP and, as a result, influence bone formation.
In the present study, gelatin/CaP composites with different degradation rates of gelatin were prepared in paste form and their bone responses were evaluated after implantation into the subperiosteal pocket of rat calvaria. 305
Four types of gelatin were prepared from low endotoxin Regenerative-Medicine Gelatin (RM-100; Jellice Co., Ltd. Miyagi, Japan) 12) . RM-100 was dissolved in distilled water. After freeze drying the gelatin solution, gelatin powder was crushed using a milling machine (SAMF, Nara Machinery Co., Ltd. Tokyo, Japan). Crushed gelatin was then sieved. Samples A and B were obtained using sieve apertures of 200 m and 500 m, respectively, and Samples C and D were obtained using sieve apertures of 500 m and 1000 m, respectively. The final sample was subjected to vacuum heating (110 °C or 130 °C) of these sieve-divided, crushed products. Solubility of the sieved gelatin was controlled by heating. Higher heating temperature produces more cross-linking of gelatin, which causes low solubility. Finally, four types of gelatin were employed in the present study. Namely, Sample A: smaller size and lower degree of cross-linking; Sample B: smaller size and higher degree of cross-linking; Sample C: larger size and lower degree of cross-linking; and Sample D: larger size and higher degree of cross-linking.
The morphologies of the four kinds of gelatin were observed using a scanning electron microscope (SEM, JSM-5600LV, JOEL, Tokyo, Japan) at an accelerating voltage of 10 kV. Specimens were sputter-coated with Au before being examined.
As CaP, BIOPEX-R (HOYA Technosurgical, Tokyo, Japan) was used. Apatite was formed by a chelation reaction between CaP powder and sodium succinate in liquid after mixing the powder and liquid 13) .
Animal experiments
The animal study was approved by the animal experimental ethical guidelines of Tsurumi University School of Dental Medicine (certificate No. 25A061). Twelve six-week-old male Sprague-Dawley rats (CLEA Japan, Inc., Tokyo, Japan) weighing 275-290 g were used. The rats were kept in a standard light-dark schedule with a 12-hour interval, relative humidity of 60 ± 10 %, and a temperature of 23 ± 1 °C. Stock diet (CE-2, Nippon Formula Feed Manufacturing Co., Ltd., Yokohama, Japan) and tap water were available ad libitum.
The animal experiment was performed in accordance with previous reports [14] [15] [16] . implanted PTFE tube using a non-absorbable 4-0 silk suture. Postoperatively, the animals were placed in a standard cage.
They were fed water and rabbit diet ad libitum, and were allowed to move without restriction at all times. The rats were sacrificed by injecting an overdose of thiamylal sodium (Isozol ® , Nichi-Iko Pharmaceutical Co. Ltd., Toyama, Japan) subcutaneously at 8 weeks after implantation.
Histological procedures and histomorphometric evaluation
The calvarial bone including the implanted material was retrieved en bloc after sacrifice, and was fixed with 10 % neutral buffered formalin solution. Subsequently, the implanted PTFE tube-containing tissue blocks were dehydrated through a graded series of ethanol and embedded in methylmethacrylate. After polymerization, non-decalcified thin sections were prepared using a cutting-grinding technique (EXAKT-Cutting Grinding System, BS-300Cp band system and 400 CS micro grinding system, EXAKT
. Sections of approximately 70 m in thickness were obtained. Sections were stained with toluidine blue. The bone formation or other biological responses inside the PTFE tube was evaluated using a light microscope (ECLIPSE 80i, Nikon Corporation, Tokyo, Japan). New bone formation rate and rate of non-degraded gelatin were analyzed by measuring each area using an image analysis system (WinROOF, Visual System Division, Mitani
Corporation, Tokyo, Japan). Each value was analyzed statistically by non-paired t-test at a significance level of 0.05 using Origin Pro 9.0 J (OriginLab Corp., MA, USA). The influence of the degree of crosslinking was evaluated by comparison of significant differences between Samples A and B and between Samples C and D. For Sample A/CaP paste, blue stained bone marrow-like tissue (Fig. 4b, arrow) was observed facing the newly formed bone tissues on the calvaria side. Unstained residual non-degraded gelatin (Fig.   4c , arrow head) was slightly apparent in the center part of the PTFE tube. Soft tissue progressed from the periosteum side, and some cells were observed densely (Fig. 4d, asterisk) on the surface of the CaP material.
Results
New bone formation from the calvaria surface was also observed for Sample B/CaP paste (Fig. 5) . However, only a low amount of bone marrow-like tissue was observed (Fig. 5b,) .
Greater amounts of blue stained residual gelatin (Fig. 5c , arrow head) was clearly identified compared with that of Sample A. Soft tissue also progressed from the periosteum side and some densely packed cells were found (Fig. 5d, asterisk) on the surface of the CaP material. For Sample C/CaP paste, Fig. 6 shows blue stained bone marrow-like tissue (Fig. 6b, arrow) facing the newly formed bone tissue on the calvaria side as for Sample A. A small amount of unstained residual gelatin (Fig. 6c, arrow head) was also recognized. Soft tissue also progressed from the periosteum side, and attachment of cells to the surface of the CaP material was also observed to the periphery of the CaP material.
New bone formation both on the calvaria and periosteal sides was also identified for Sample D/CaP paste (Fig. 7) , but there was no bone marrow-like tissue as seen in Samples A and C (Fig.   5 ). Greater amounts of blue stained residual gelatin (Fig. 7c , arrow head) were clearly recognized compared with Sample C. Soft tissue also progressed from the periosteum side, and cell attachment (Fig.  7d, asterisk) to the surface of the CaP material was also observed.
The results of the rate of new bone formation and the rate of residual non-degraded gelatin are listed in Table 1 . Comparing Sample A/CaP and B/CaP pastes, significant differences existed for the rate of non-degraded gelatin (p<0.05) but not for the rate of new bone formation (p>0.05). Sample C/CaP and D/CaP pastes showed significant differences in both the rate of new bone formation and the rate of residual non-degraded gelatin (p<0.05).
Discussion
In the present study, the bone response of gelatin/CaP composites was evaluated using the bone response after implantation into the subperiosteal pocket of rat calvaria. The gelatin/CaP composites had different degradation rates of gelatin.
Bone response was evaluated by the implantation of gelatin/ CaP paste into the subperiosteal pocket on rat calvaria. New bone formation occurred from the calvaria side not from the periosteum side for the four different gelatin/CaP pastes. Takiguchi et al. 14) placed a PTFE tube into the space between the periosteum and calvaria bone. Matsui et al. 15) and Den et al. 16) reported the bone response of rat calvaria after implantation of octaCaP or interconnected porous CaP into the subperiosteal pocket of rat calvaria. In these reports, new bone formation was recognized from the calvaria side not from the periosteum side as in the present study. It was speculated that elevation of the periosteum reduced its osteogenic potential 16) . It was revealed that the degree of cross-linking of gelatin influenced bone formation. Sample C/CaP paste with a lower degree of gelatin cross-linking was associated with a significantly greater new bone formation rate than Sample D/CaP paste with a higher degree of gelatin cross-linking. Lower levels of gelatin cross-linking caused faster degradation of gelatin in the cured paste. Gelatin degradation induced the release of CaP and the formation of spaces in the cured paste. Released CaP promoted new bone formation, and living tissues including blood vessels penetrated into the spaces in the cured paste. Thus, Sample C/ CaP paste with its lower degree of gelatin cross-linking produced greater amounts of new bone formation.
On the contrary, Sample A with a lower degree of gelatin crosslinking did not provide a significantly greater amount of new bone formation compared with Sample B with a higher degree of gelatin cross-linking. The reason for this difference is still unclear but it is presumed that the size of the gelatin particles influenced bone formation. Sample A/CaP paste and Sample B/CaP paste had smaller gelatin sizes than Sample C/CaP paste and Sample D/CaP paste. This meant the size of spaces that were made by the degradation of gelatin were smaller. Thus, the penetration of living tissue was insufficient for bone regeneration. A further detailed study should be carried out to clarify this point.
In a clinical situation, bone defects have various size and shapes. Bone substitute materials have sometimes been difficult to apply to defects with a complex shape. The present gelatin/CaP paste has an advantage it that is can be applied to any shape of defect. It can be easily formed into the desired shape and directly injected into defects with various shapes.
In the present study, the bone response of gelatin/CaP paste was evaluated after implantation into a subperiosteal pocket of rat calvaria without a bone healing process. The bone response of gelatin/CaP paste after implantation into bone defects with bone healing processes will be further investigated. It was reported that residual degraded gelatin influenced bone formation after the implantation of gelatin/apatite composite into a bone defects of rabbit tibiae 9) .
In conclusion, it was revealed that the degree of cross-linking of gelatin in gelatin/CaP paste influenced bone formation. A lower degree of gelatin cross-linking produced a greater amount of new bone formation. The size of gelatin also influenced bone formation.
The control of size and degree of cross-linking of gelatin in gelatin/ CaP paste will control the bone response, and this composite is likely to be useful for bone regenerative treatment.
